Abstract To perform a systematic review and metaanalysis of the diagnostic value of prospective ECGgating coronary CT angiography in the diagnosis of coronary artery disease. A search of biomedical databases for English literature was performed to identify studies investigating the diagnostic value of 64-or more slice CT angiography with use of prospective ECG-gating in the diagnosis of coronary artery disease. Sensitivity, specificity, positive and negative predictive value estimates pooled across studies were tested using a fixed effects model. Fourteen studies met selection criteria for inclusion in the analysis. Pooled estimates and 95% confidence interval (CI) of sensitivity, specificity, positive and negative predictive value of prospective ECG-gating coronary CT angiography for diagnosis of significant coronary stenosis were 99% (95% CI: 98, 100%), 91% (95% CI: 88, 94%), 94% (95% CI: 91, 96%) and 99% (95% CI: 97, 100%), according to the patient-based assessment. The mean values of sensitivity, specificity, positive and negative predictive value of prospective ECG-gating coronary CT angiography were 95% (95% CI: 93, 96%), 95% (95% CI: 93, 95%), 88% (95% CI: 86, 90%), and 98% (95% CI: 97, 98%), according to vessel-based assessment; 92% (95% CI: 90, 93%), 97% (95% CI: 97, 98%), 84% (95% CI: 82, 86%), 99% (95% CI: 99, 99%), according to segmentbased assessment, respectively. The mean effective dose was 3.3 mSv (95% CI: 2.3, 4.1 mSv) for the prospective ECG-gating coronary CT angiography. This analysis shows that for a predominantly male population with a high disease prevalence the use of coronary CT angiography with prospective ECG gating allows for a reduced radiation exposure without a sacrifice in diagnostic efficacy.
Introduction
Since the introduction of 64-or more-slice CT technology, coronary CT angiography has been increasingly used in the diagnosis of coronary artery disease (CAD) due to its improved spatial and temporal resolution [1] [2] [3] [4] . The non-invasiveness and high diagnostic accuracy of coronary CT angiography for coronary artery disease have led to rapidly increasing numbers of cardiac CT examinations performed worldwide. However, the risk of radiation exposure still remains a challenge compared with invasive coronary angiography, given the fact that CT is a high-dose imaging modality [5] . This has raised serious concerns in the medical field due to the possibility for radiation-induced malignancy [6] [7] [8] [9] .
In response to these concerns, tremendous progress has been made to lower radiation dose for coronary CT angiography, and various strategies have been proposed to address this issue. These include automatic exposure control, ECG-triggered current modulation, lower kVp settings, adjustments of pitch value and scan range and prospective ECG-gating [10] . Of these dose-saving strategies, prospective ECG-gated scanning represents the most effective approach with a significant reduction of radiation dose when compared to conventional retrospective ECG-gating [10, 11] .
Early studies demonstrated the feasibility of prospective ECG-gating and later reports confirmed that diagnostic images could be acquired with this new technique while achieving reduction of the effective dose by up to 90% [10, 11] . It has been reported that effective dose of prospective ECG-gating coronary CT angiography in CAD is comparable to or even lower than that of invasive coronary angiography [12, 13] . Most of the studies reported in the literature focus on the assessment of image quality and radiation dose of prospective ECG-gating with 64-or more slice CT in comparison to retrospective ECG-gating, while the information about diagnostic value of prospective ECGgating in CAD is limited [12] [13] [14] . Since prospective ECG-gating coronary CT angiography shows promising results in the diagnosis of CAD with resultant very low effective dose, it is expected that more and more studies will be performed with this technique in cardiac imaging. Thus, achieving high diagnostic accuracy with prospective ECG-gating is essential to ensure that it can be reliably used as an alternative to high-dose retrospective ECG-gating or invasive coronary angiography in the diagnosis of CAD. The purpose of this study was to perform a systematic review and meta-analysis of diagnostic value of coronary CT angiography with use of prospective ECG-gating in the diagnosis of CAD compared to invasive coronary angiography, based on the currently available literature.
Materials and methods

Search methods
We searched MEDLINE/PUBMED and COCHRANE databases from January 2008 to December 2011 for articles studying the diagnostic value of prospective ECG-gating using 64-or more slice CT angiography in patients with suspected or confirmed CAD. The literature search ranged from 2008 to present as prospective ECG-gating with multislice CT was first reported in the literature in 2008 [15] . In addition, the reference lists of identified articles were checked to obtain additional relevant articles.
Selection criteria
Prospective and retrospective studies were included if they met all of the following criteria: (a) studies included at least 10 patients with suspected or known CAD and must be performed using 64-or more slice CT prospective ECG-gating protocols as a diagnostic tool for evaluation of coronary artery disease, with [50% lumen stenosis defined as the cut-off criterion for significant stenosis; (b) assessment of diagnostic value of prospective ECG-gating 64-or more slice CT angiography in CAD must be addressed at either patient-based, or vessel-based or segment-based analysis when compared to invasive coronary angiography in terms of sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV); (c) the absolute number of true positive, true negative, false positive and false negative results of prospective ECG-gating coronary CT angiography were available or could be derived from the available data; (d) effective dose of prospective ECG-gating protocols was reported in each study. Exclusion criteria were: patients after treatment of coronary stenting or coronary artery bypass grafts or percutaneous coronary intervention. When multiple reports from a single centre were published, all reported were reviewed to obtain the most complete information, but studies with potential duplicate or overlapping data were excluded from the analysis.
Data extraction and quality assessment Data were independently extracted by two reviewers based on study design and procedure techniques. Each reviewer independently assessed the retrieved articles for possible inclusion according to the selection criteria. The reviewers looked for the following characteristics in each study: year of publication; number of participants; mean age; mean heart rate, heart rate variability and body mass index (BMI); percentage of male patients and number of patients receiving beta-blockers; type of imaging unit used for coronary CT angiography; effective dose estimated in each group; number of coronary vessels and segments analysed, and diagnostic accuracy of coronary CT angiography in CAD when compared to invasive coronary angiography.
One author independently performed the quality assessment of included studies using an updated quality assessment tool ''QUADAS-2'' (Quality Assessment of Diagnostic Accuracy Studies) guidelines [16] . This revised tool is a considerable improvement over the original tool as it allows for more transparent rating of bias and applicability of primary diagnostic accuracy studies.
Statistical analysis
All of the data was entered into Meta Disc (V 1.4, Meta Analysis for Diagnostic and Screening Trials) for analysis. Sensitivity, specificity, PPV and NPV estimates for each study were independently combined across studies using a fixed effects model. Betweenstudy heterogeneity of the sensitivity, specificity, PPV and NPV estimates was tested using the MantelHaenszel Chi-squared test with n -1 degree of freedom (n is the number of studies). Statistical hypotheses (2-tailed) were tested at the 5% level of significance.
Results
General information-selection of eligible studies
Nineteen studies met the selection criteria and 14 studies were finally eligible for analysis [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . Two studies were excluded as the actual number of true positive, true negative, false positive and false negative results was not available in these studies [34, 35] . Although two studies were reported from the same research group, patient data were collected differently, thus both of them were included in the analysis [19, 20] . Six studies were reported from the same research group over different study periods with data being cumulatively accrued [17, 18, 26, 28, 31, 32] , but only four of them were used in the analysis [17, 18, 26, 28] . Of these four studies that were eligible for analysis, one study looked at the effect of calcium scores on the diagnostic value of prospective ECG-gating [17] , another study consisted of the largest number of data collection [18] , one study was conducted with use of the second generation of dual-source CT scanner which is different from the other two studies performed with single-source CT [26] , while the remaining study focused on the diagnostic value of prospective ECG-gating at low heart rates [28] . Another study was also excluded, despite its meeting the selection criterion [33] , since the study included 33% of patients treated with coronary stents, which interfered with the diagnostic value of coronary CT angiography in CAD. Therefore, a total of 5 studies were excluded from the analysis. Figure 1 is the flow chart showing the search strategy to obtain these references.
Study characteristics
Overall, 3,531 coronary arteries and 12,056 coronary segments were examined in 910 patients included in the 14 studies. Table 1 lists patient's characteristics and study details related to prospective ECG-gating coronary CT angiography. Seven out of 14 studies were performed with single-source 64-slice CT, four studies were performed with dual-source 64-slice CT, one with second generation of dual-source CT (128-slice), and the remaining two studies with 320-slice CT. Fourteen studies provided data at the patient level, eleven at the vessel and segment level, respectively. On average, 3% of the coronary segments were reported to be non-diagnostic image quality.
Quality assessment
Quality assessment of all included studies based on the updated QUADAS-2 is shown in Table 2 . Overall, the study quality was satisfactory. For all 14 studies, the investigators clearly explained that readers interpreted coronary CT angiography results without any knowledge of the catheter angiography results and vice versa. In addition, operators and readers of coronary CT angiography were unaware of patient history and symptoms in all studies.
Patient characteristics
The mean prevalence of CAD for study patients was 59.5%, and mean BMI was 26.2 kg/m 2 , and the mean age was 63.1 years. The mean heart rate was less than 65 beats per minute (bpm) in 13 studies, while in the remaining study the mean heart rate was 67.7 bpm [29] .
Patients were referred for coronary CT angiography and invasive coronary angiography examinations mainly due to the symptom of typical or atypical chest pain in all of the studies. Invasive coronary angiography confirmed that the prevalence of significant CAD ([50% lumen stenosis) was found in more than 50% of patients among 12 studies.
Calcium scores were measured in eight studies with nine comparisons, as one study included two groups of patients with different calcium scores [17] . The mean calcium scores were 299.2, indicating the high prevalence of coronary artery disease in these studies. Diagnostic accuracy of coronary CT angiography with use of prospective ECG-gating was not affected by the presence of heavy calcifications, as reported in one study [17] .
Prospective ECG-gating coronary CT angiography: analysis of study heterogeneity
We explored sources of clinical and statistical heterogeneity by performing additional analysis of the results. On a segment-based level, a 15-17 segment classification model was used in all of these studies. It is expected that all of the four coronary vessels within any patient should be included in the analysis. Therefore, calculations of sensitivity and specificity involve mixtures (a range of values arising from segments combined with a range of values arising from several vessels, but with variations in contributions, by presence/absence rather than by magnitude, to numerators and denominators). No statistical heterogeneity was found for these analyses (P = 0.63-1.0) according to patient-based assessment among these studies, so the pooled estimates across studies were used to demonstrate the diagnostic performance. However, severe heterogeneity/inconsistency was noticed at the vessel-based and segmentbased assessment levels (P \ 0.05), so pooling was avoided, and only the mean values across theses studies were described. [19, 27] , however, the analysis of these results was not conducted as inclusion of nondiagnostic segments could make the diagnostic value invalid. In addition to the criterion of 50% coronary stenosis, more than 70% stenosis was also analysed in another study [24] . The limited data of only one study does not allow a statistical analysis.
Effective dose associated with prospective ECGgating coronary CT angiography Effective dose was estimated by multiplying the dose length product with a conversion factor of 0.014 and 0.017 used in three and seven studies, respectively. The calculation of the effective dose in these studies is based on a method proposed by the European Working Group for Guidelines on Quality Criteria in CT [36] , deriving radiation dose estimates from the product of the DLP and an organ weighting factor for the chest as the investigated anatomic region (k = 0.014 or 0.107 mSv mGy -1 cm -1 averaged between male and female models from Monte Carlo simulations [37] . The mean effective dose was 3.3 mSv (95% CI: 2.3, 4.1 mSv) for the prospective ECG-gating coronary CT angiography. A kVp of 100 and 120 was both applied and compared in two studies with use of prospective ECGgating, and a reduction of effective dose by up to 46% was found in the studies scanned with 100 kVp (mean dose 1.65 mSv) when compared to those with 120 kVp (mean dose 3.05 mSv), indicating a further dose reduction of radiation dose with use of lower kVp values in patients with BMI less than 25 kg/m 2 .
Discussion
In this analysis, we focused on the diagnostic performance of prospective ECG-gating coronary CT angiography for the detection of obstructive coronary artery disease. Firstly, the mean assessable segments of prospective ECG-gating are very high (98%), and this indicates a very high value of prospective ECGgating for evaluation of coronary arteries. Secondly, the analysis shows that prospective ECG-gating coronary CT angiography has a high diagnostic value ([90% for both sensitivity and specificity) in the diagnosis of obstructive coronary artery disease in patients with a low heart rate. This indicates that it could be used as a reliable alternative to retrospective ECG-gating and invasive coronary angiography in selected patients. Thirdly, the effective dose associated with prospective ECG-gating is less than 4.0 mSv, which is comparable to or even lower than that of invasive coronary angiography.
Coronary CT angiography has been increasingly used in cardiac imaging since 64-and more slice CT shows improved and promising results in the diagnosis of CAD [1] [2] [3] [4] . Several meta-analyses of studies on the use of retrospectively ECG-gated 64-slice CT reported mean sensitivities and specificities ranging from 85 to 99%, and 86-96%, respectively [38] [39] [40] [41] . The mean diagnostic performance reported in this analysis is consistent with those recent reports. The very high positive and negative predictive value of prospective ECG-gating allows this technique to be used reliably as an alternative modality for the diagnosis of CAD. Based on this analysis, it can be concluded that for the group of patients examined to date with coronary CT angiography, use of a prospectively gated exam has not been shown to change patient-based, vessel-based and segment-based sensitivity or specificity when compared to the existing data for retrospectively gated exams.
Despite promising results having been achieved with coronary angiography, CT has the disadvantage of high radiation dose, which leads to the concern of radiation-associated risks [6] [7] [8] . Of various approaches that have been recommended to reduce the radiation dose of coronary CT angiography, prospective ECGgating has been reported to result in a significant reduction of effective dose when compared to retrospective ECG-gating [42, 43] . This analysis is consistent with these reports with regard to the low effective dose resulting from prospective ECG-gating. With use of prospective ECG-gating, it is possible to produce diagnostic images with effective dose even lower than that of invasive coronary angiography. Appropriate use of lower kVp values (80 or 100 kVp) for coronary CT angiography examinations can further reduce radiation dose without compromising the image quality. Recent studies utilising dualsource CT compared a 100 kVp protocol to the routine 120 kVp for cardiac CT angiography, and demonstrated a dose reduction of 25-54%, with an estimated effective dose as low as 4.4 mSv [44, 45] . With use of a lower kVp in prospective ECG-gating, a further dose reduction by 46% was achieved with acquisition of diagnostic images with a mean dose of less than 2.0 mSv, as indicated in this analysis. Thus, a combination of prospective ECG-gating with a low kVp protocol should be recommended in patients with BMI less than 25 kg/m 2 , since changing tube voltage needs to be correlated with the patient's BMI.
Some limitations in this analysis should be addressed. Firstly, the publication bias exists and may affect the results as non-English publications were excluded. However, it is reported that languagerestriction meta-analyses overestimated the treatment effect by only 2% on average compared with languageinclusive meta-analyses [46] . Secondly, coronary CT Fig. 4 Forest plot showing the pooled sensitivities based on patients (L1), vessels (L2) and segments (L3) in all studies angiography was performed in patients referred for invasive coronary angiography, creating a selection bias of patients with a relatively high prevalence of significant CAD. Significant CAD was confirmed in approximately 60% of the patients by coronary angiography in this analysis, indicating the high prevalence of CAD among the patients. Thus, the present diagnostic performance was achieved in an intermediate-to-high prevalence patient population. As a result, the current data (in terms of very high sensitivity and specificity values) may not be directly applicable to patients with a low-to-intermediate prevalence of CAD. Thirdly, effective dose based on a conversion factor of 0.014 or 0.017 is only an estimate. Because the mathematical modelling done to compute organ doses is based on a standard adult (70 kg), effective dose estimation can underestimate the risk for children and thin patients and overestimate the risk for obese patients. Therefore, one should remember that the uncertainty associated with the effective dose estimations could vary as much as 40% in some cases. One has to adopt a correction factor when making comparisons with different studies. Although the use of effective dose estimates for assessing the exposure of patients has severe limitations, the effective dose is still widely used as a dose parameter to reflect the radiation risk and compare doses from different diagnostic and therapeutic imaging procedures in different hospitals and countries as well as of different technologies for the same medical examinations. In conclusion, this systematic review and metaanalysis shows that prospective ECG-gating coronary CT angiography has high diagnostic value with a low radiation dose in the diagnosis of obstructive coronary artery disease. The very high specificity and negative predictive value allows it to be used as a reliable alternative to retrospective ECG-gating in patients with a regular and low heart rate.
